N euroblastoma (NB) is one of the most common extracranial solid tumors of infancy and childhood. This highly heterogeneous cancer 1 can form localized tumors (stage 1 or 2), locally invasive tumors (stage 3), or metastatic tumors (stage 4). Prognosis is variable and depends on clinical features and tumor biology, such as histopathology, cellular DNA content, and increased Nmyc copy number. 2 Indeed, amplification of N-myc is a frequent event in advanced stages of human NB (3 and 4) , and strongly correlates with poor prognosis. 3 Although low-stage tumors are often successfully treated by surgical resection, high-stage NB is extremely aggressive and usually fatal in older children even after intensive multimodal therapy. NB tumors are initially chemosensitive, in particular to platine, and to temozolomide as more recently reported. 4, 5 However, resistance to chemotherapy is frequently associated with tumor relapses, and little progress has been made to improve the prognosis of patients with high-stage NB tumors. It is therefore important to identify new therapeutic approaches.
Angiogenesis, defined as the formation of new blood capillaries from pre-existing microvessels, is a prerequisite for tumor growth and metastatic dissemination. [6] [7] [8] The onset of angiogenesis in malignancies seems to occur independently of malignant transformation and may develop at various stages during neoplastic development, possibly in conjunction with phenotypic and genotypic changes. [9] [10] [11] Many studies 12, 13 support the concept that tumor cell growth is controlled by a dynamic balance between angiogenic factors (including vascular endothelial growth factor (VEGF) and basic fibroblast growth factor (bFGF)) and angiostatic factors (such as angiostatin or endostatin). Tumor vascularization has been shown to be associated with clinical outcome in children with NB. Tumor angiogenesis is strongly correlated with metastatic disease, N-myc amplification, and decreased survival probability. 14 Furthermore, high-level expression of angiogenic factors (VEGF, b-FGF, angiopoietin 2, TGF-a, PDGF-A, matrix metalloproteinases) is strongly correlated with advanced-stage NB (for a review, see Ribatti et al 2 ). These observations thus suggest that NB might be an attractive target for antiangiogenic therapies in order to switch the balance toward angiostatic factors.
Recent advances in angiogenesis research have highlighted new inhibitors of growth and metastasis of solid tumors. Among the known natural inhibitors of angiogenesis, one of the most potent is angiostatin. Angiostatin, a 38-kDa fragment of plasminogen containing the first four kringle domains, was shown to inhibit specifically endothelial cell proliferation, angiogenesis, and growth of distant pulmonary metastases. 15 Whereas the mechanism of action is unclear, it is known that angiostatin K1-4 and angiostatin-like fragments, such as K1-3, specifically inhibit in vitro proliferation of endothelial cells by inducing their apoptosis. 16, 17 Systemic therapy with recombinant angiostatin K1-4 led to the maintenance of metastases in a microscopic dormant state, defined by a balance between apoptosis and proliferation of the tumor cells. 15, 18 Subsequently, it has been shown that angiostatin could also inhibit the growth of primary murine tumors even if the treatment was not initiated until tumors constitute 2% of body weight. 19 Furthermore, resistance to angiostatin has not yet been observed at in vivo tested doses up to 100 mg/kg. We have previously demonstrated that intratumoral injection of a replication-defective adenovirus encoding the N-terminal fragment of human plasminogen up to kringle 3 can inhibit primary tumor growth and vascularization in different xenografted tumors. 20 Replication-defective adenoviral vectors are indeed particularly well suited for cancer gene therapy as they lead to a transient, but robust, expression of the transgene, and efficient in vivo gene transfer has been reported especially in the liver after systemic injection. 21 Therefore, intravenous injection of a recombinant adenovirus expressing an antiangiogenic factor would induce high-level secretion of this inhibitor, and potentially protect animals from tumor cell establishment and growth.
In the present study, we have investigated the effect of a single intravenous injection of AdK3-HSA in three different experimental situations in nude mice: early stage, advanced, and minimal residual IGR-N835 tumors.
Our results failed to demonstrate any efficacy of such an approach in this particular heterotopic highly angiogenic model, despite long-term continuous exposure to the K3-HSA genetic conjugate.
Results
Functional characterization of the K3-HSA conjugate K1-4 and K1-3 angiostatin fragments were both potent inhibitors of endothelial cell proliferation. 16, 17 To characterize the antiproliferative activity of the K1-3-HSA conjugate expressed from adenovirus, human endothelial HMEC-1 cells were infected for 96 hours at various multiplicities of infection (MOIs) with AdK3-HSA, AdK3, or AdCO1 viruses. The percentage of surviving cells was subsequently determined after incubation with the MTT reagent. Infection with AdK3 and AdK3-HSA viruses resulted in dose-dependent inhibition of endothelial cell proliferation as shown in Figure 1 , with survival of 58.1 and 50.6% at MOI 600 with AdK3 and AdK3-HSA respectively, as compared with a 100% survival following AdCO1 infection (Po.05, Student's t-test). Inhibition of proliferation was specifically linked to the expression of K3 and K3-HSA proteins, as AdCO1 did not affect HMEC proliferation. These results show that the genetic coupling of angiostatin to HSA does not significantly modify its ability to inhibit endothelial cell proliferation.
In vivo evaluation of AdK3-HSA efficacy in the IGR-N835 tumor model IGR-N835 is derived from a previously treated stage 4 abdominal NB tumor in a 2-year-old boy. A cell line was established from the primary tumor and has been fully characterized. 22 The cytogenetic profile of the tumor demonstrates a paradiploid mode with a 1:10 translocation and a 11:17 translocation. The mdr 1 gene is not overexpressed as described in a previous report. 23 IGR-N835 exhibits an amplification factor of the N-myc oncogene up to 25 copies. The tumor was demonstrated to be tumorigenic after subcutaneous injection of 10 7 cells in nude mice, exhibiting a doubling time of 65 hours. 22 The genetic profiles of the parental tumor, the cell line derived from the tumor (IGR-N835), and the xenografted tumor in nude mice were all identical.
We investigated the effect of a single intravenous injection of AdK3-HSA into the tail vein of nude mice in three different experimental protocols resembling clinical presentations: early stage, advanced, and minimal residual IGR-N835 tumors.
AdK3-HSA evaluation in early-stage tumors. In a first series of experiments, we evaluated AdK3-HSA virus in mice newly engrafted with tumors. At 2 days after tumor implantation, animals were randomly assigned to three groups: (1) control group without treatment (natural history); (2) AdK3-HSA evaluation in minimal residual tumors obtained after temozolomide treatment. In a last experiment, we addressed the question of whether AdK3-HSA systemic administration was able to delay the tumor relapse after chemotherapeutic treatment. Animals bearing 100-300 mm 3 IGR-N835 tumors were treated with temozolomide in order to obtain complete tumor regression. In this experiment design, tumor relapse occurred at day 16. Animals with temozolomide-mediated regressed tumors were randomly assigned to two groups, and received either (1) a single i.v. injection of 5 Â 10 9 PFU of AdK3-HSA or (2) an i.v. injection of 5 Â 10 9 PFU of AdCO1. Tumor recurrences were identical in both groups. The time to reach a volume of 1000 mm 3 was 56 days after adenovirus injection in both groups (Fig 4) .
K3-HSA blood levels after adenovirus injection
In order to confirm the secretion of the K3-HSA conjugate protein into mice blood flow after i.v. injection of the virus, blood samples were collected in the three sets of experiments, and analyzed by ELISA. Following AdCO1 injection, no K3-HSA was detectable in the blood. As shown in Figure 5 , high circulating levels of K3-HSA have been measured in the blood of all AdK3-HSA-injected animals. The K3-HSA values were 16.4714.5 mg/ml in the early-stage group (at day 21 after virus injection), 19.9712.0 mg/ml in the advanced-stage group (at day 30), and 21.8721.3 mg/ml in the minimal residual tumor group (at day 35). Thus, in accordance with previous results, 24 systemic administration of the AdK3-HSA vector led to a sustained and long-lasting expression of the K3-HSA conjugate in the blood.
Proangiogenic characterization of the IGR-N835 NB tumors
NB tumor progression has been shown to be associated with the expression of angiogenic factors, such as VEGF, and their receptors. 25, 26 -MDA-MB-231 tumors were compared with IGR-N835 tumors. Mice muscles were collected as a negative control. Human VEGF was actually not detected in the muscle samples. The levels of human VEGF in the different tumor samples were 6657370 pg of VEGF per mg of protein for the IGR-N835 tumor and 25.171.7 pg VEGF/mg for the MDA-MB-231 tumor. These data indicate that the human IGR-N835 NB expressed and released very large amounts of the proangiogenic factor VEGF when compared to the breast carcinoma model. After endothelial specific immunochemistry, the IGR-N835 NB was shown to display a typical and important neovascularization, with a dense mass of intratumoral vasculature-associated capillaries, numerous and irregular large-sized veins, and a few arteries (data not shown). Taken together, these observations confirm the strong angiogenic potential of the IGR-N835 NB tumors.
Discussion
The aim of this study was to evaluate the ability of continuous exposure to high serum levels of HSA- Figure 4 Evaluation of AdK3-HSA systemic treatment in minimal residual tumors. Animals bearing 100-300 mm 3 IGR-N835 tumors were treated with 36 mg/kg/day temozolomide over 5 days in order to obtain complete tumor regression. In this experimental design, tumor relapse occurred toward the 16th day. Animals with regressed tumor were randomly assigned to two groups, and received either (1) a single i.v. injection of 5 Â 10 9 PFU of AdK3-HSA (n ¼ 9) or (2) an i.v. injection of 5 Â 10 9 PFU of AdCO1 (n ¼ 9). Tumor recurrences were identical in both groups. The time to reach a volume of 1000 mm 3 was 56 days after adenovirus injection in both groups. angiostatin K1-3 conjugate to inhibit growth of xenografted human NB. An E1-E3-deleted adenovirus expressing the K3-HSA gene under the control of the early promoter of the cytomegalovirus (CMV) (AdK3-HSA) was used. Systemic injection of this vector (5 Â 10 9 PFU) was performed in three different experimental models of IGR-N835 subcutaneous xenograft in nude mice. First, in the early stage tumor model, adenovirus injection was performed immediately after s.c. xenograft. Then, in the established tumor model (mean tumor volume of 200 mm 3 ), tumor-bearing animals were treated with a systemic combination of cisplatin and AdK3-HSA. Finally, injection of adenoviruses was performed in mice bearing minimal residual tumors obtained after treatment over a period of 5 days with 36 mg/kg/day temozolomide. Animals with regressed tumors received systemic injection of adenovirus to prevent tumor relapse. In these three different experimental designs, no effect of AdK3-HSA delivery was observed on tumor growth as compared to the AdCO1 groups. In spite of high serum levels of the K3-HSA conjugate in the three experimental groups between 20 and 35 days after virus injection (mean value for the three experiments of 19.4 mg K3-HSA/ml), no effect on tumor growth and tumor occurrence was observed. The high serum levels obtained in this study confirm the previous observation made by Bouquet et al 24 in an MDA-MB-231 human breast cancer model in nude mice. 24 Physiological angiogenesis is tightly controlled by a balance between pro-and antiangiogenic factors. In solid tumor growth, a specific clinical turning point is the transition from the avascular to the vascular state, which allows the tumor to grow indefinitely. 6 During tumor development, high amounts of proangiogenic factors are secreted in the tumor environment leading to the angiogenic switch necessary for neovessel implantation. The aim of an antiangiogenic strategy is to reverse this switch toward the antiangiogenic factors, in order to inhibit tumor vascularization. The efficacy of this strategy has already been proven in various tumor models. Indeed, angiostatin K1-4 and K1-3 angiostatin-like fragments have been shown to inhibit endothelial cell proliferation in vitro and tumor angiogenesis in vivo. 19, 20 In our study, the HSA conjugate was chosen to improve in vivo bioavailability of angiostatin K1-3 after systemic administration. Bouquet et al 24 have already shown the benefit of HSA genetic coupling on in vivo half-life of angiostatin K1-3 and on MDA-MB-231 tumor growth inhibition. However, a single i.v. injection of AdK3-HSA was inefficient in the NB model. Among antiangiogenic strategies applied to the NB treatment, lack of antitumor activity has already been observed with recombinant endostatin. 27 This result was explained by an incorrect folding of the recombinant protein, or an insignificant release of active endostatin from the subcutaneous graft. In our experiments, the use of recombinant adenovirus coding for the K3-HSA gene allows strong and longlasting expression of functional conjugated angiostatin, as demonstrated by the in vitro endothelial cell proliferation assay.
In our model, the lack of antiangiogenic efficacy could be explained by the considerable amounts of proangiogenic factors produced by tumors. These positive regulators are able to stimulate the growth of host's blood vessels. It has been shown that NB tumor progression is mainly associated with expression of angiogenic factors, especially VEGF-A165/121, VEGF-B, and VEGFR-2.
2,28,29,26 VEGF, a very potent endothelial cell mitogen, may furthermore directly affect NB cell growth and could act as an autocrine growth factor. 25 VEGF also upregulates Bcl-2 expression, and significantly protects NB cells from apoptosis in vitro. 30 Our quantification of VEGF concentration in the IGR-N835 NB tumor demonstrates a VEGF level 26-fold higher than that observed in MDA-MB-231 control breast tumors. Furthermore, PECAM-1 immunohistochemistry, specific for endothelial cells, highlights a strong and early angiogenic feature of NBs with dense intratumoral vasculature, large-sized veins, and few arteries (data not shown). Taken together, and in comparison with the MDA-MB-231 study, these results suggest that the high serum levels of K3-HSA obtained after systemic administration of the adenovirus vector were probably not able to counterbalance the very high level of VEGF released by the IGR-N835 tumors. Ambs et al 31 have shown that inhibition of B16F10 tumor growth correlates with expression level of human angiostatin. They first demonstrated that high angiostatin expression levels were needed to achieve tumor remission. 31 This observation suggests that anti-angiogenic gene transfer requires high expression levels of the therapeutic factor in order to switch the angiogenic balance off. Each tumor cell line would be characterized by its specific positive/negative angiogenic secretion levels. We hypothesize that antiangiogenic factors should have to be expressed beyond a tumor-specific threshold in order to inhibit angiogenesis and tumor growth efficiently. Our results strengthen this hypothesis: where 20 mg/ml of circulating K3-HSA is sufficient to counterbalance 25 pg of VEGF per mg of MDA-MB-231 tumor proteins, this inhibitor level is clearly inefficient against 665 pg of VEGF per mg of IGR-N835 tumor proteins. Moreover, the bFGF level is only 1.7-fold higher in the NB tumor versus the breast carcinoma (data not shown), suggesting that this factor plays only a modest role in the lack of antitumor efficacy. Taken together, these observations indicate that angiostatin, despite its known potent antitumor activity, is not sufficient per se to treat NB tumors. The more promising target to inhibit NB angiogenesis seems therefore to be the VEGF/VEGFR system, as demonstrated by several studies. Klement et al 32 showed a full and sustained regression of large NB tumors after continuous low-dose therapy with vinblastine associated with an antibody directed against the receptor VEGFR-2. Kim et al 33 also obtained a significant inhibition of NB xenograft growth with chemotherapy (topotecan, a topoisomerase-I inhibitor) combined with anti-VEGF antibody. 33 Anti-VEGF gene transfer strategies have also been developed, employing ex vivo infection by a recombinant retrovirus. 34, 28 These results suggest that neutralization of proangiogenic factors, such as VEGF, should be considered. To this end, association of an adenovirus expressing the soluble fragment of Flk-1 with AdK3-HSA should efficiently antagonize angiogenesis in highly vascularized tumors releasing large amounts of VEGF such as IGR-N835 NB.
Materials and methods

Adenoviral construct
Ad K3-HSA is a DE1-DE3 recombinant adenovirus expressing the K3-HSA gene under the control of the CMV immediate-early promoter. This genetic conjugate consists of a fragment comprising the 18-amino-acid (aa) native secretion signal followed by the first 326 residues of human plasminogen (angiostatin Kringle 1-3) directly linked to a DNA fragment encoding the 585 residues of mature HSA. 24 Recombinant adenovirus that did not encode the transgene (Ad CO1) was used as negative control in this study. Viral stocks were prepared on HEK 293 cells and purified twice on CsCl gradients. Desalting was performed using Pharmacia G50 columns (Orsay, France), and viruses were frozen in phosphate-buffered saline (PBS)-10% glycerol at À801C. Titers were calculated as plaque forming unit/ml (PFU/ml) on 911 cells. 35 
Proliferation assay
Subconfluent HMEC-1 cells were infected at different MOIs with AdK3-HSA, AdK3, or AdCO1 in 24-well culture plates for 96 hours. Supernatants were then discarded and cells were incubated with 250 ml of PBS and 25 ml of MTT (Sigma) at 5 mg/ml. After a 2-hour incubation at 371C, 250 ml of lysis buffer (20% SDS-33% dimethylformamide-2% acetic acid-0.025 N HCl-0.05 N NaOH) was added and incubated overnight. A measure of 200 ml of each sample was distributed in 96-well plates for an optical density reading at 570 nm.
In vivo experiments
All animal experiments were conducted with athymic Swiss nude mice locally bred, in accordance with the European Community guidelines (directive no. 86/609/ CEE). Treatment was initiated when the tumors reached 100-300 mm 3 . Two tumor perpendicular diameters were measured twice per week and each individual tumor volume calculated according to the equation:
, where d and D are the smallest and largest tumor diameters, respectively. The treatments were pursued until tumor volumes reached a size of 1500-2000 mm 3 . In vivo treatment efficacy was evaluated in advanced-stage tumor models according to the method previously described. , time to grow from 200 to 400 mm 3 , and time to reach 500 and 1000 mm 3 tumor volumes were evaluated in all groups.
Advanced-stage tumors
At 3 weeks after tumor engraftment, animals bearing 2007100 mm 3 tumors were randomly assigned to four experimental groups (n ¼ 10 animals/group): (1) control group without treatment (natural history); (2) i.v. injection of 0.2 ml of NaCl 0.9% into the tail vain of mice; (3) i.v. injection of 14 mg/kg cisplatin followed by i.v. injection of 5 Â 10 9 PFU of AdCO1; (4) i.v. injection of 14 mg/kg cisplatin followed by 5 Â 10 9 PFU of Ad-K3-HSA. The antitumor activity end point was evaluated in terms of tumor growth (TG). Complete regression (CR) was defined as regression beyond the palpable limit (15 mm 3 ), and partial regression (PR) as a regression over 50% of the initial tumor volume. CR and PR had to be observed for at least two consecutive tumor measurements in order to be retained. Tumor growth delay (TGD) was defined as the difference in the median times between the treated group and the control group to reach a tumor volume that was five times greater than the initial tumor volume. Tumor-free survival (TFS) was defined as an animal free of measurable tumor more than 4 months after treatment. The activity of the K3-HSA adenoviral treatment was evaluated in term of TG, TGD, TFS, PR, and CR.
Minimal residual tumors
At 3 weeks after tumor graft, animals bearing 100-300 mm 3 tumors were randomly assigned to five groups (n ¼ 6/group). Four groups of animals received 36 mg/kg/ day p.o. temozolomide suspended in 0.2 ml of klucel over a period of 5 days. The last group of animals received 0.2 ml of klucel over a period of 5 days. Tumor volumes were measured every day.
At day 14, after initiating the treatment with temozolomide, animals with complete regressed tumors were randomly assigned to two groups: (1) i.v. injection of 5 Â 10 9 PFU of Ad-K3-HSA (n ¼ 9) and (2) i.v. injection of 5 Â 10 9 PFU of AdCO1 (n ¼ 9). The activity of the K3-HSA adenoviral treatment was evaluated in terms of tumor growth and time to reach a 100-mm 3 volume.
K3-HSA blood levels assay
For the three different experimental groups, blood samples were collected 21, 30, or 35 days after virus injection. Sera were analyzed by a sandwich enzymelinked immunosorbent assay (ELISA) to quantify the K3-HSA circulating levels. The 96-well microtiter plates (Nunc Maxisorb, Roskilde, Denmark) were coated with 100 ml of goat anti-human angiostatin antibody (AF226, R&D Systems Inc., Minneapolis, MN) diluted to 1 mg/ml in PBS. After overnight incubation at 41C, the wells were washed six times with TBST (Tris-buffered saline (TBS), 0.02% Tween-20 (Sigma, France)) and then incubated with TBST-5% non-fat dry milk powder (Regilait, Nestle´, France). Wells were blocked with 200 ml of TBST-5% milk for 2 hours at room temperature on a rocking platform shaker. After washing as above, wells were incubated in TBST with serial dilutions of mice sera or standard human angiostatin K1-3 (ref. 176705, Calbiochem, La Jolla, CA). After 2 hours of incubation with shaking and washing as above, the wells were incubated with 50 ml of mouse antihuman angiostatin antibody (528176, Calbiochem, San Diego, CA) diluted to 500 ng/ml in TBST-5% milk. After incubation and washing as described above, wells were incubated with 50 ml of an alkaline phosphatase-conjugated goat antimouse IgG (H+L) antibody (S3721, Promega, Madison, WI) diluted to 1:5000 in TBST-5% milk. After 1 hour of incubation and washing as above, K3-HSA was detected by a 30-minute incubation with developing solution (alkaline phosphatase substrate kit; Bio-Rad Laboratories, Richmond, CA). The absorbance at 405 nm (A 405 ) was measured using a microplate reader (Bio-Rad).
VEGF ELISA
IGR-N835 and MDA-MB-231 tumor fragments were harvested from 100 mm 3 tumors, and subsequently snap frozen in liquid N 2 . Nude mice muscle tissue was used as a negative control. The tissue fragments were cut into small pieces and suspended in 300 ml PBS containing 10% protease inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). Sonication was performed for 30 minutes followed by centrifugation for 20 minutes at 14,000 rpm. Supernatants were assayed for protein and cytokine content. Total protein amount was quantified using the Bradford method (Biorad Laboratories, Richmond, CA). Human VEGF levels were measured by ELISA kits (R&D Systems Inc., Minneapolis, MN) in duplicates according to the manufacturer's instructions, and the mean values were calculated.
